Tangential organization in visual cortex was suggested by nance-modulated sinusoidal gratings, comparing receptive field Wiesel's (1968, 1974) observation of a regular properties of M and P neurons in the lateral geniculate nucleus and sequence of preferred orientations on long electrode penetrain V1 neurons assigned to CO ''blob,'' ''edge, '' and ''interblob'' tions through the cortex. They proposed that the visual cortex regions and across layers. Tested with achromatic stimuli, the rewas organized into hypercolumns processing all possible ceptive field properties of M and P neurons resembled those reorientations for both eyes (Hubel and Wiesel 1977) . A posported for other primates. The contrast sensitivity of P cells in the sible anatomic marker for the tangential organization of the owl monkey was similar to that of P cells in the macaque, but the contrast sensitivities of M cells in the owl monkey were markedly visual cortex is the metabolic enzyme cytochrome oxidase lower than those in the macaque. We found no differences in (Wong-Riley 1979 ; and see Wong-Riley 1994 for a review), eye dominance, orientation, or spatial frequency tuning, temporal which forms patches in the superficial layers known varifrequency tuning, or contrast response for V1 neurons assigned to ously as ''puffs'' or ''blobs'' (Horton and Hubel 1981 ; different CO compartments; we did find fewer direction-selective Humphrey and Hendrickson 1983) . Cytochrome oxidase cells in blobs than in other compartments. We noticed laminar (CO) blobs are a prominent feature of the visual cortex in differences in some receptive field properties. Cells in the supraall primates so far examined (Horton 1984) . The CO blobs granular layers preferred higher spatial and lower temporal fremay mark populations of neurons with visual properties that quencies and had lower contrast sensitivity than did cells in the granular and infragranular layers. Our data suggest that the re-are qualitatively and quantitatively different from neurons ceptive field properties across functional compartments in V1 are outside of blobs (Livingstone and Hubel 1988) . Cells in quite homogeneous, inconsistent with the notion that CO blobs blobs in macaque have been reported to be color-selective, anatomically segregate signals from different functional monocular, nonoriented (Livingstone and Hubel 1984; Too-''streams.'' tell et al. 1988a; Ts'o and Gilbert 1988) , and selective for low spatial frequencies (Born and Tootell 1991; Edwards et al. 1995; Silverman et al. 1989; Tootell et al. 1988c) 
and I N T R O D U C T I O N
reported as having high contrast sensitivity (Edwards et al. 1995; Hubel and Livingstone 1990 ) when compared with The primate visual system contains several separate, paralcells in interblob regions. It is unlikely that the blob system lel pathways originating in the retina (see Shapley 1992) . marks a color pathway in all primates because blobs are These pathways remain segregated in the lateral geniculate well defined in primates that lack color vision (Condo and nucleus (LGN) and in the pattern of projections to the priCasagrande 1990; Horton 1984; Tootell et al. 1985) . Furmary visual cortex (V1) (see Casagrande and Kaas 1994 for thermore, recent studies in macaque visual cortex suggest a recent review). Neurons in the parvocellular (P) pathway that the receptive field properties inside and outside of blobs typically have much lower sensitivity to luminance contrast are less distinct than was originally suggested (e.g., Edwards and much higher sensitivity to chromatic contrast than do et al. 1995; Lennie et al. 1990; Leventhal et al. 1995) . neurons in the magnocellular (M) pathway. Furthermore, at We studied the relationship between receptive field propany eccentricity, the neurons with the best spatial resolution erties and CO activity in the nocturnal New World owl monbelong to the P pathway, whereas those with the best tempokey (Aotus trivirgatus). We chose the owl monkey because ral resolution belong to the M pathway. (Derrington and it possesses a well-defined CO blob system but lacks two Lennie 1984; Derrington et al. 1984; Shapley 1982, 1986; Levitt et al. 1997; Schiller and Malpeli 1978 ; of the features thought to be associated with the blob system, anesthesia. In two experiments, we used continuous infusion of namely color vision and well-defined eye dominance col- cobs et al. 1993 ) that supports only the most rudimentary surgical anesthetic continued throughout the recordings. We nocolor vision (Jacobs 1977; Jacobs et al. 1993) . Its retina ticed no obvious difference in the properties of recorded units contains morphological M-and P-type ganglion cells (Sil-under the different anesthetic regimes. veira et al. 1994) , and its lateral geniculate nucleus has a
To minimize eye movements, paralysis was maintained with an lamination pattern similar to other monkeys, consisting of infusion of vecuronium bromide (Norcuron: 0.1 mgrkg 01 rh 01 ) in two magnocellular and two (or more) parvocellular layers an electrolyte solution (Normosol) with dextrose (2-5 ml/h).
Animals were ventilated artificially with room air or a mixture of (Diamond et al. 1985; Jones 1966a,b; Kaas et al. 1978 ).
50-70% N 2 O in O 2 . Peak expired P CO 2 was maintained near 4%
The receptive field properties of neurons in the owl monkey by adjusting the tidal volume of the ventilator. Rectal temperature
LGN appear to reflect the anatomic segregation as they do was kept near 37ЊC with a thermostatically controlled heating pad.
in other primates (Sherman et al. 1976 (Allman and Kaas 1971a ,b, 1974a ,b, 1975 , but the re-1972) were introduced by a hydraulic microdrive through a small guide needle into the portions of the LGN or V1 representing the ceptive field properties of individual neurons in V1 have not central visual field. After the electrode was in place in the cortex, been studied in detail, particularly with respect to the CO the exposed dura was covered with warm agar. Action potentials blobs. We studied the orientation/direction tuning (in V1)
were conventionally amplified, displayed, and played over an audio and the spatial and temporal frequency tuning and contrast monitor. The recording sessions lasted between 36 and 72 h.
response (in the LGN and V1) of owl monkey neurons using achromatic drifting sinusoidal gratings. We chose these meaPhysiological optics sures for convenient comparison with macaque and as a means of following the signature of the M and P pathways
The pupils were dilated, and accommodation was paralyzed with into V1. topical atropine, and the corneas were protected with /2D gasBecause the properties of neurons in CO blobs are thought permeable hard contact lenses. Supplementary lenses were chosen to make the retinas conjugate with the display screen as judged by to be related to patterns of M and P input, it was crucial to optimizing the visual responses of recorded units. Contact lenses determine if M and P cells in the owl monkey could be were removed periodically for cleaning. At this time, the eyes were distinguished in the same way that they are in other primates.
rinsed with saline and infiltrated with a few drops of ophthalmic We found that M and P cells had receptive field properties antibiotic solution (Gentamicin). At least once a day, the locations broadly similar to those of other primates. We examined the of the area centrales were recorded using a reversible ophthalmoreceptive field properties of V1 neurons located in different scope. CO compartments and across layers. We also found the receptive field properties of owl monkey V1 neurons to be Characterization of receptive fields similar to those of other primates. We found that receptive field properties did not vary across CO compartments but We initially mapped the receptive fields of single neurons by hand on a tangent screen using black-and-white geometric targets. that some receptive field properties did vary across layers.
For each neuron, we recorded the location and size of the neuron 's We conclude that in the owl monkey, the CO blob system minimum response fields and determined its selectivity for the is not an anatomic marker for a strongly segregated parallel orientation and size of stimuli. Ocular dominance was assessed stream of cortical information processing.
qualitatively using the seven-point scale of Hubel and Wiesel (1962) .
M E T H O D S
We used a mirror to place the preferred eye's receptive field on the face of a display monitor that subtended 7-8Њ. Stimuli were Seven adult owl monkeys (A. trivirgatus, weights: 0.6-1.0 kg) luminance-modulated drifting sinusoidal gratings generated by a were prepared for single-unit recording using methods similar to TrueVision ATVista board (582 1 752 pixels, 106 Hz interlaced) those we use in macaques . In one monkey, and displayed on gamma-corrected monitors, initially a Barco 7650 recordings were made in the LGN, while in the remaining monkeys, (mean luminance 36 cd/m 2 ), later a Nanao T560i (mean lumirecordings were made on long, tangential penetrations through V1. nance 72 cd/m 2 ). Before beginning quantitative measurements, we optimized stimulus size, orientation, and drift rate by listening to the neuron's response over the audio monitor. For nearly all These were assembled into conventional peristimulus time histo-parameter distributions, we use the median unless noted otherwise.
We used the nonparametric Mann-Whitney U test to compare disgrams and rasters, and were Fourier-analyzed to determine the mean (DC), first harmonic (F1), and temporal phase of each tributions of parameters between pairs of neuron groups. We used the nonparametric Kruskal-Wallis analysis of variance (ANOVA) response.
of ranks to compare distributions of parameters for three or more groups.
Reconstruction of recording sites
At the end of each electrode penetration, small electrolytic le-R E S U L T S sions (2 mA, 2 s, tip negative) were made along the Of the 50 cells recorded in the LGN, 23 were assigned eye dominance changes when recording from the LGN and the to the P layers, and 21 in the M layers. We could not make depths of the brisk unoriented activity characteristic of layer 4C laminar assignments for four LGN neurons, which were exwhen recording from V1. At the end of each penetration, we re-cluded from further analysis. We were unable to isolate sintracted the electrode to each of the previously noted depths, verified gle units between the principal layers, although we did occathe eye switch or laminar position, and made a lesion. The depths sionally encounter long interlaminar zones where we could of borders encountered while retracting the electrode never differed evoke multiunit activity with visual targets. Sherman et al.
by more than a few tens of micrometers from those initially noted, (1976) reported similar zones in their study of owl monkey and subsequent histology showed that lesions were invariably lo-
LGN. The receptive fields of our sample of P cells were, on cated on borders between LGN or cortical layers. We are confident that the technique yields similar location accuracy in the owl mon-average closer (mean 3.0, range 1.0-7.6Њ) to the area cenkey. Monkeys were killed with an overdose of Nembutal and per-tralis than those for our sample of M cells (mean 7.5, range fused transcardially with saline followed by 4% paraformaldehyde. 2.2-12.6Њ).
The brains were postfixed in paraformaldehyde, sunk in 30% su-DESCRIPTION OF MEASUREMENTS. Figure 1 , A-C, shows excrose, and sectioned at 40 mm on a freezing microtome. Alternate ample data collected from a neuron in the parvicellular layers sections were stained for CO, dihydronicotinamide adenine dinuof the LGN. The receptive field was located 1Њ from the area cleotide phosphate diaphorase (NADPH-d), and cresyl violet folcentralis. Figure 1A shows the neuron's spatial frequency lowing methods described in Gegenfurtner et al. (1996) . The pattern of NADPH-d activity has been shown to overlap that of CO tuning. We typically presented seven spatial frequencies in in macaque V1 (Sandell 1986 ) and V2 (Gegenfurtner et al. 1996) octave steps spanning a range of 0.125-8.0 cycles/deg. The and owl monkey V1 (Wiencken and Casagrande 1996) . In cases figure also shows ( ) the best fitting difference-ofwhere CO staining was weak, we used NADPH-d staining to iden-Gaussians function (Enroth-Cugell and Robson 1966; tify blobs. We made complete, three-dimensional reconstructions Linsenmeier et al. 1982) of the form of the electrode tracks for six of the eight recorded hemispheres; the quality of the histological material from the remaining two
hemispheres was deemed inadequate. The reconstructions were where R is response, k c is the strength of the center mechabased on camera lucida drawings of neighboring Nissl and COnism, k s is the relative strength of the surround mechanism, stained sections containing the electrode tracks. Boundaries of COand f c and f s are the characteristic spatial frequencies of the rich regions, laminar borders, and blood vessels serving as fiduciary marks were drawn by hand, and the drawings were stacked by center and surround mechanisms. We found that our meaaligning blood vessels. Recording sites along the three-dimensional sures provided good estimates of center frequencies but not trajectory of the track were marked on the composite drawing. We of surround frequencies, which depend on measurements defined cortical layers based on the descriptions and illustrations made at very low spatial frequencies. The data in Fig. 1A in Diamond et al. (1985) but did not subdivide layer 3. Instead, yielded an estimated center frequency of 5.0 cycles/deg, an we combined in one group all cells in residing in layers 2 and 3. optimal spatial frequency of Ç2.1 cycles/deg and a spatial Each cell was given a laminar assignment, and if it resided in the resolution (the spatial frequency at which the value of the supragranular layers, we attempted to assign it to one of three function falls to 1 imp/s) of 9.6 cycles/deg. compartments; within (blob), on the edge of (edge), or in between Figure 1B shows the neuron's temporal frequency (TF) (inter) CO-rich regions. We assigned a cell to a compartment only tuning. We presented seven temporal frequencies in octave if its location could be determined unambiguously; as a result, 29 layer 2/3 cells were excluded from the compartment analysis. For steps, spanning a range of 0.83-26.5 Hz. We fitted a descripeach of the 71 layer 2/3 neurons assigned to a compartment, we tive function ( ) to the data to estimate optimal temporal measured the distance to the nearest blob center (based on the 3-frequency (Ç4.0 Hz), temporal frequency cutoff (the tem-D reconstructions).
poral frequency at which response drops to one-half of the maximum, 21.8 Hz for this example), and transience [the Data analysis and statistics ratio of the low-frequency response (at a TF 1 decade below optimal TF) to the peak response].
For all quantitative measures (orientation, spatial and temporal Figure 1C shows the neuron's contrast response measured frequency tuning, and contrast response), we fitted appropriate with stimulus contrasts ranging from Ç0.008 to 1.0 in octave descriptive functions to the response data using techniques desteps. We fit the data to a function suggested by Robson scribed in . From the fits, we derived parameters of interest described in the following sections. When describing (1980) J903 Some but not all of this difference is probably due to the
TEMPORAL FREQUENCY TUNING. Table 1 also lists estimates where R is response, k is gain, C is contrast, and C 0 is a of LGN temporal parameters: optimal temporal frequency, saturation constant. We took R to be the component of the the high-frequency cutoff, and transience. The temporal response at the phase of the response to the highest contrast properties of M and P cells were best distinguished by optito reduce the effect of response variability on the fits (Levitt mal temporal frequency. Distributions of this parameter for et al. 1989) . We used the fits to estimate peak response M and P cells are shown in Fig. 1 , C and D. M cells had, and responsivity (sometimes called contrast gain), the initial on average, significantly higher optimal temporal frequenslope (k/C 0 ) of the contrast response function in impulsesr cies than did P cells. second 01 rcontrast 01 . Peak response in Fig. 1C was 24.8 imp/s and responsivity was 50.9.
CONTRAST RESPONSE. Table 1 also shows LGN contrast-response parameters: peak response and responsivity (the ini- Figure 1 , D-F, shows similar measurements collected from a neuron in a magnocellular layer of the LGN the receptive field of which was centered 10Њ from the area TABLE 1. Summary of receptive field properties for all cells in centralis. Figure 1D shows spatial frequency tuning data. our LGN sample This neuron had a lower center frequency (1.4 cycles/deg) and a lower optimal spatial frequency (0.6 cycles/deg) than counterpart (Fig. 1B) . Figure 1F shows the contrast-re- rcon-were assigned to parvocellular-recipient layer 4B. We were unable to make laminar assignments for 41 neurons. We trast 01 ). Figure 2 , E and F, shows distributions of responsivity for M and P cells. M and P cells were distinguished easily were able to assign 71 of the 100 layer 2/3 cells to one of the three compartments defined by CO or NADPH-d staining on the basis of contrast response-M cells, on average, had significantly higher responsivity and peak responses than did patterns; 28 cells were assigned to blob compartments, 17 cells were assigned to edge compartments, and 26 cells were P cells.
These data show that owl monkey M and P cells could assigned to interblob compartments. Because the sample from each compartment was small, we chose not to subdivide be differentiated on the basis of spatial frequency tuning, temporal frequency tuning, and contrast response.
CO compartments on the basis of depth within the supragranular layers.
Receptive field properties of V1 neurons
DESCRIPTION OF MEASUREMENTS. Here we describe our standard measurements for characterizing our sample of V1 We studied the properties of 211 single neurons in V1, neurons. Figure 3 , A-D, shows data collected from a simple in eight hemispheres from six monkeys. Receptive fields cell in layer 4 of V1. Figure 3A shows a polar plot of the were centered within 5Њ of the area centralis. We were able neuron's orientation/direction tuning. The solid line through to collect quantitative data from all 211 cells and collected the data is the best fit to a descriptive function used to full sets of data from 196. We made electrode penetrations compute orientation half-width (at half-height) for each cell. nearly tangential to the cortical surface to maximize the We classified a neuron as direction selective if the direction probability of sampling from several blob and interblob reindex was ¢0.67 (R p ¢ 3 * R n ). This neuron was classified gions of layers 2/3. Thus our sample is biased heavily toas direction selective with a direction index of 0.81. Figure  ward the upper layers, although we did record from cells 3B shows the neuron's spatial frequency tuning. The solid throughout the depth of the cortex.
line through the data represents the best-fitting function used We note that cortical lamination pattern in New World to derive estimates of optimal spatial frequency, spatial resomonkeys is defined differently from that of Old World monlution (the spatial frequency at which the value of the funckeys, particularly the subdivisions of layer 4 (see Casation dropped to 1 imp/sec) and spatial frequency bandwidth grande and Kaas 1994; Peters 1994). We have adopted the (in octaves). Figure 3C shows the neuron's temporal frescheme of Hassler (1994) used for most studies of V1 in quency tuning. The solid line through the data is the best fit New World monkeys, in which layer 4 is defined as having from a function used to derive the estimates of optimal temtwo divisions (A and B) corresponding to the subdivisions poral frequency, temporal resolution (the temporal frequency of layer 4C in Old World monkeys. Layers 4A and 4B of at which the value of the function drops to 1 imp/sec), and Old World monkeys thus correspond to subdivisions of layer temporal tuning bandwidth (full width at half-height in oc-3 in New World monkeys. We made coarse laminar assigntaves.) ments for 170 neurons, pooling our samples from the upper Figure 3D shows the neuron's contrast response. The con-(supragranular) layers (2 and 3) the subdivisions of (granutrast-response functions of many owl monkey cortical cells lar) layer 4, and the (infragranular) lower layers (5 and 6).
showed saturation at high contrasts (e.g., Fig. 3 , D and H). We assigned 100 cells to layers 2/3, 52 cells to layer 4, and However, a substantial number of cells (44) A: orientation/direction tuning. Neuronal response is represented by distance from the origin, and stimulus direction is represented by polar angle. Data are from 12 directions covering 360Њ in 30Њ increments. In later experiments, we measured direction tuning using 16 stimuli in 22.5Њ increments. We also computed a direction index (DI Å 1 0 R n /R p ), where R p is the net response in the preferred direction and R n is the net response to the opposite (nonpreferred) direction of motion. Index ranges from 0.0 (equal response to the 2 directions) to 1.0 (no response to the nonpreferred direction), or ú1.0 if there is suppression in the nonpreferred direction. B: spatial frequency tuning. We used 11 stimuli whose spatial frequency varied from 0.125 to 4.0 cycles/deg in half-octave steps, presented at the optimal orientation. C: temporal frequency tuning. We measured responses to 7 stimuli at the optimal orientation and spatial frequency whose temporal frequency varied in octave steps from 0.41 to 26.5 Hz. D: contrast response. We measured responses to 9-11 spatiotemporally optimal stimuli whose contrast varied in half-octave steps spanning a range of Ç0.01-1.0. E-H: layer 4 complex cell. Data are the DC response. E: orientation/ direction tuning. F: spatial frequency tuning. G: temporal frequency tuning. H: contrast response. Other conventions as in Fig. 1 . data represents the best fitting hyperbolic ratio (Albrecht and of which contains a portion of the electrode track (marked by double arrows). The slightly irregular size, shape, and Hamilton, 1982). We used the fit parameters to compute the spacing of the CO blobs is due to the oblique plane of the peak response (response evoked by a unit contrast stimulus) section. Figure 4A shows the upper part of the penetration, and C 50 (the contrast that evoked one-half of the peak reincluding an electrolytic lesion (asterisk) marking the first sponse). In addition, we computed contrast thresholds for recording site. The track can be seen exiting a blob in the each neuron by compiling neurometric functions from the upper part of layer 2/3. Figure 4B shows the electrode track contrast-response data (Tolhurst et al. 1983) . The value of visible in middle potion of layer 2/3 as it enters a second the neurometric function at each contrast represents the probblob. Figure 4C shows the remainder of the penetration; ability that an ideal observer could discriminate correctly asterisks mark lesions at the layer 4/5 border and in layer between that contrast and zero contrast based only on the 6. Figure 4D is a montage of these sections, created by discharge of the neuron being recorded. We computed maxialigning the blood vessels indicated with arrowheads in Fig.  mum likelihood fits of the neurometric functions to a cumu-4, A-C, showing the entire penetration. The penetration lative Weibull distribution and took threshold as the contrast passed through two blobs (outlined in gray) and associated at which the fit value passed through 0.57, a value representinterblob regions in layer 2/3 before entering layer 4 (also ing a binomial probability 1 SD above chance performance. outlined in gray). Lesions mark the layer 4/5 transition and Figure. 3, E-H, shows data similarly collected from a the end of the penetration in layer 6. A two-dimensional complex cell in layer 4 of V1. Response (in the case of schematic of the track reconstruction is shown in Fig. 4E . complex cells, the DC firing rate in imp/s) is plotted as a Recording sites are indicated by tick marks; several refunction of grating direction (Fig. 3E) , spatial frequency cording sites are obscured by the asterisks marking lesion (Fig. 3F ), temporal frequency (Fig. 3G) , and contrast (Fig. sites. Note that our measurements of the locations of re-3H). This neuron was orientation selective but not direction cording sitingrelative to CO blobs or laminar borders were selective.
not based on schematics like the one shown here but on complete three-dimensional reconstructions of electrode Functional architecture of owl monkey visual cortex tracks. Data in this figure and in all other quantitative com- Figure 4 shows the reconstruction of an electrode penetra-parisons are taken only from cells with a distance from CO tion that traversed all layers of V1. Figure 4 , A-C, shows blob centers that could be determined with certainty. Figure 4F shows plots of orientation, spatial, and temporal individual photomicrographs of CO-stained sections, each J903-7 / 9k2b$$au41 07-28-98 16:36:25 neupa LP-Neurophys frequency tuning and contrast response recorded from 25 neurons along this track. The first neurons for which we were able to collect quantitative data were located in a blob in the upper part of layer 2/3. Figure 4F shows that the receptive field properties of these two neurons and the other two blob neurons recorded in lower layer 2/3 were not obviously different from those of other cells in the upper layers, or other layers of V1. We encountered a number of poorly or nonoriented cells (half-widths ¢90Њ) along this penetration; however, none of these were located in blobs. We also encountered cells with low-pass spatial frequency tuning; none of these were located in blobs. The cell with the lowest preferred temporal frequency was located in a blob, but there was no trend evident for cells in blobs to prefer lower temporal frequencies than those outside of blobs. Finally, cells in blobs had neither the highest nor the lowest contrast sensitivity of those encountered along this penetration.
In other penetrations, we encountered nonoriented cells in and on the edges of blobs. We also encountered some cells with low-pass spatial frequency tuning in blobs. However, most blob cells did not share those properties; nearby blob cells often had good orientation tuning and band-pass spatial frequency tuning. In some penetrations, blob and edge cells preferred the lowest spatial frequencies, but this trend did not hold up across our sample. Blob and nonblob cells in all penetrations responded over a similar range of temporal frequencies and contrasts. There was considerable heterogeneity in receptive field properties both within and between electrode penetrations. SIMPLE AND COMPLEX CELLS. We classified V1 neurons as simple or complex on the basis of response modulation to drifting sinusoidal gratings at the optimal spatial frequency. Simple cells responded with modulation at the same temporal frequency as the stimulus. Complex cells responded with an elevation of firing rate, and showed modulation only at low spatial frequencies. We classified cells whose ratio of F1 to DC response at the optimal spatial frequency was ú1.0 as simple and cells with an F1:DC ratio õ1.0 as complex (Skottun et al. 1991) . Figure 5 shows the distribution of response modulation (at the optimal spatial frequency) for all V1 neurons. It is similar to distributions shown for V1 neurons in other species (Skottun et al. 1991 ). In our sample, 114 cells (54%) were classified as complex and 96 were classified as simple (46%).
We found both simple and complex cells in all layers and in all compartments. Roughly equal proportions of simple (48%) and complex (52%) cells were assigned to layer 2/ 3. Simple cells accounted for 42% of our sample of layer 4 FIG . 7. Orientation and direction selectivity of owl monkey V1 neurons.
neurons and 28% of our sample of layer 5/6. One-half of A: distribution of orientation tuning half-widths. Bin marked N indicates the 42 cells that we were not able to assign to layers were nonoriented cells. B: distribution of direction indices for the same neurons. classified as simple. Of the 28 cells assigned to blobs, 13 Cells with a direction index ¢0.67 were classified as direction selective.
Other conventions as in previous figures.
(46%) were classified as simple, 15 as complex. Simple cells accounted for 17 of the 26 cells (65%) assigned to interblobs and 11 of the 17 cells (65%) assigned to edges more likely to be binocular than monocular. Neurons in the of blobs. granular and infragranular layers were roughly equally often EYE DOMINANCE. We made qualitative assessment of eye monocular and binocular. dominance on all 211 neurons using the Hubel and Wiesel ORIENTATION AND DIRECTION SELECTIVITY. Figure 7A (1962) seven-point scale. Figure 6 shows the eye dominance shows the distribution of orientation half-width for our entire distribution for our sample. Some 22% of the cells were V1 sample, and Table 2 lists all quantitative receptive field clearly binocular (group 4), whereas only 13% of the cells properties for our sample. Orientation half-widths were simiwere clearly monocular. Simple cells were equally likely lar in simple and complex cells. to be binocular or monocular, whereas complex cells were
We found no significant differences in orientation selecsomewhat more likely to be binocular than monocular. tivity for cells assigned to different compartments. All comWe found monocularly and binocularly driven neurons partments contained nonoriented cells as well as relatively equally often in all layers and all compartments. The slight narrowly tuned cells. The receptive field parameters for cells majority of neurons in layers 2/3 was binocularly driven; in each compartment are shown in Table 3 . Orientation halfgroups 3, 4, and 5 accounted for 60% of layer 2/3 cells.
widths are plotted in Fig. 8A as a function of the distance Within layers 2/3, neurons located in CO blobs were as or (parallel to the cortical surface) from the nearest blob center. It is clear from the figure that the range of orientation tuning was similar across compartments. The orientation half-widths for cells in each layer are shown in Fig. 8B . Small ticks indicate half-widths for individual neurons and open squares indicate medians for each layer (nonoriented cells were excluded from this computation). The receptive field parameters for cells in each layer are shown in Table 4 . There was a broad range of orientation selectivity across layers-all layers contained nonoriented cells and all layers contained at least some relatively narrowly tuned cells. We compared orientation half-widths for cells in layers 2/3, 4, and 5/6 using the Kruskal-Wallis ANOVA by ranks and found no significant differences among layers.
The distribution of direction indices for our entire V1 FIG . 6. Eye dominance distribution for owl monkey V1 neurons. Eye sample is shown in Fig. 7B . Nearly one-third of the cells in dominance of 1 indicates monocular contralateral input, while eye domithe sample were classified as direction selective. We found nance of 4 indicates binocular input. Other conventions as in previous figure. direction-selective cells in all compartments, although we J903-7 / 9k2b$$au41 07-28-98 16:36:25 neupa LP-Neurophys found fewer in blobs (3/28 or 11%) than in edge (8/17 in all compartments. There were no significant differences in spatial frequency tuning for neurons assigned to different or 47%) or interblob (10/26 or 38%) compartments. This difference was marginally significant (x 2 Å 8.26, df Å 2, compartments. This is illustrated in Fig. 8C , which shows optimal spatial frequency as a function of distance to the near-P õ 0.016) and might also be meaningful. All layers contained both direction-selective neurons and nonselective neu-est blob center for all cells assigned to a compartment, and in Table 3 . The optimal spatial frequencies were 0.58 cycles/deg rons. Overall, 30% (30 of 100) of layer 2/3 neurons, 44% (23 of 52) of layer 4 neurons, and 22% (4 of 18) of layer for blobs, 0.87 cycles/deg for edges, and 0.78 cycles/deg for interblobs. It is clear that neurons in all compartments re-5/6 neurons were classified as direction selective.
sponded over a similar range of spatial frequencies. SPATIAL FREQUENCY TUNING. V1 neurons generally exhibThere were significant differences in optimal spatial freited band-pass spatial frequency tuning like that shown in quency across layers. Figure 8D shows the optimal spatial Fig. 3, B and F. A minority of the sample (21/207) showed frequencies for individual neurons and medians for each low-pass tuning (i.e., the responses to the lowest spatial layer. Again, we made statistical comparisons between layfrequencies tested were at least one-half the response to the ers 2/3, 4, and 5/6 using the nonparametric Kruskal-Wallis optimal spatial frequency). Distributions of spatial fre-ANOVA by ranks. The optimal spatial frequencies of layer quency tuning parameters (optimal spatial frequency, spatial 2/3 cells (0.79 cycles/deg) were significantly ( P õ 0.0014) resolution, and spatial tuning bandwidth) are shown in Fig. higher than those of layer 4 or layer 5/6 cells. Neither spatial 9. Complex cells had significantly higher optimal spatial resolution nor spatial bandwidth showed significant laminar frequencies (P õ 0.006) and spatial resolutions (P õ variation (see Table 4 ). 0.0001) than did simple cells. Complex and simple cells had similar spatial tuning bandwidths.
TEMPORAL FREQUENCY TUNING. Most V1 neurons (95%) exhibited broad bandpass temporal tuning like that shown We measured spatial frequency tuning for 25 of 28 cells assigned to blobs and for all cells assigned to edges (17) and in Fig. 3C . A minority of V1 neurons (10/195) showed lowpass temporal frequency tuning like that illustrated in Fig.  interblobs (26) . We found cells with low-pass spatial tuning 3G. The distribution of temporal frequency tuning parameWe measured temporal frequency tuning for 22 (of 28) blob cells, for all edge cells, and for 25 (of 26) interblob ters (optimal temporal frequency, temporal resolution, and temporal tuning bandwidth) for our sample is shown in cells. Cells with low-pass temporal tuning were encountered in all compartments. Although the cells with the highest Fig. 10 . old as a function of distance to the nearest blob center; no trend is evident. The most sensitive cell of our entire V1 sample was located in a blob, but it is clear that cells in all compartments responded over similar ranges of contrast (see Table 3 ). There were significant laminar differences in contrast sensitivity. Figure 8H shows contrast thresholds for neurons in each layer. The median contrast threshold for neurons in layer 2/3 was significantly higher (P õ 0.0001) than that for neurons in layers 4 or layers 5/6. The peak response also varied significantly (P õ 0.0001) across layers, summarized in Table 4 .
In our LGN data, the largest difference between M and P cells was in responsivity (the initial slope of the contrastresponse function). We wondered if there were differences in the responsivity of V1 neurons in different compartments or layers. Because of the inherent nonlinearity in V1 contrast response, we could not compute responsivity in the same way we did for LGN neurons. Instead, for each cell, we computed ''peak responsivity,'' the maximum slope of the contrast-response function at the low contrasts (°0.2) at which M and P cells differ most in responsivity. Log peak responsivity was inversely correlated with log contrast threshold (r Å 00.768, P õ 0.001); cells with high peak responsivity tended to have low thresholds. There was no significant difference in peak responsivity between compart- optimal temporal frequencies were in interblobs, there were no significant differences in temporal frequency tuning for cells assigned to the different compartments. The optimal temporal frequencies for neurons in all compartments are shown plotted as a function of distance from blob centers in Fig. 8E . Temporal frequency tuning parameters are also summarized in Table 3 .
Temporal frequency tuning did vary significantly across layers. The optimal temporal frequencies across layers are shown in Fig. 8F and Table 4 . The optimal temporal frequency of neurons in layers 2/3 was significantly lower (P õ 0.0001) than that of neurons in layers 4 or 5/6. The temporal resolution of neurons in layers 2/3 was also significantly (P õ 0.0001) lower than that of neurons in layers 4 or 5/6. Cells with low-pass temporal tuning were somewhat more frequently encountered in layers 2/3 (7) than in layers 4 (1) or 5/6 (2).
CONTRAST RESPONSE. Distributions of the contrast-response parameters (peak, C 50 , threshold) for our sample are shown in Fig. 11 .
We measured contrast response for 24 of 28 cells assigned 
Receptive field properties of owl monkey LGN
We examined receptive field properties in the LGN to determine if the achromatic properties of the magnocellular and parvocellular pathways in the owl monkey are similar to those found in other primates. Our results show that the owl monkey has magnocellular and parvocellular neurons that differ in the same ways as homologous neurons do in other primates. Neurons in the parvocellular layers of owl monkey LGN tended to have smaller receptive field centers, lower optimal temporal frequencies, and lower responsivity than neurons in the magnocellular layers. The differences in receptive field center size reported here may be contaminated by eccentricity effects. In macaques, the center size of M and P cells from matched eccentricities were similar, although P cells generally had the smallest centers (Derrington and Lennie 1984; Levitt et al. 1989; Spear et al. 1994) . On the other hand, measurements made in the LGN of the nocturnal prosimian bush baby indicate that M cell receptive field centers were twice as large as P cell receptive field centers across eccentricity (Irvin et al. 1993) , a finding consistent with our data. Receptive field sizes of owl monkey LGN neurons were larger than those of the macaque by a factor of about 2 (Derrington and Lennie 1984; Levitt et al. 1989; Spear et al. 1994 ) and smaller than those of the bush baby by a factor of about 2 (Irvin et al. 1993; Norton and Casagrande 1982; Norton et al. 1988 ). The differences in owl and macaque monkey RF size may reflect differences in relative cone density-the owl monkey has half the number The temporal frequency tuning of most owl monkey LGN neurons, as in macaque, was band-pass, though owl monkey ments (see Table 3 ), but there was a significant difference LGN neurons generally had sharper low frequency roll-offs between layers (see Table 4 ): cells in layer 2/3 had signifi-than in macaque (Levitt et al. 1989) . Owl monkey LGN cantly lower peak responsivity (P õ 0.001) than those in cells responded over a range of temporal frequencies lower layers 4 and 5/6. Finally, we measured maintained discharge than macaque LGN cells, (Derrington and Lennie 1984;  (firing rate in absence of a visual target). We found no Hawken et al. 1996; Spear et al. 1994 ) but higher than bush significant variation in maintained discharge across either baby LGN cells (Norton et al. 1988) . compartment or layer.
The contrast-response properties of owl monkey LGN We wondered if the surprisingly low contrast sensitivity cells were broadly similar to those of macaque LGN cells, we observed in owl monkey V1 might be due to luminance but the difference between owl monkey M and P cell responsaturation of a rod-dominated retina-we made measure-sivity (or contrast gain) was smaller than the differences ments at a luminance level where cones were more sensitive reported for macaque M and P cells (Kaplan and Shapley than rods (Jacobs 1977). Our qualitative impression was 1982; Levitt et al. 1989; Spear et al. 1994) . The smaller that responses differed little over a wide range (2 log units) difference is due to the relative insensitivity of owl monkey of mean luminance. These impressions were supported by M cells. This suggests that it might be difficult to see a clear a small number of quantitative experiments. We collected sensitivity ''signature'' of M or P cell input to owl monkey contrast-response functions for five cells in one monkey be-cortical neurons. The spatial and temporal properties of owl fore and after placing a 2 log unit neutral density filter in monkey LGN cells were surprisingly similar to those of the front of the tested eye. In each case, the nontested eye was macaque, given the large phylogenetic and niche differences. occluded, and we waited ¢10 min for the tested eye to adapt to the lower mean luminance. The 100-fold reduction Receptive field properties of owl monkey V1 brought the luminance into the range where owl monkey rods and cones have similar sensitivity but had little effect Owl monkey V1 receptive fields were similar to those found in other primates. Most neurons were orientation seon contrast response. Two cells showed slightly larger peak responses and lower C 50 's at lower luminance, whereas three lective, were band-pass in spatial and temporal frequency tuning and had saturating contrast-response functions (see cells showed the opposite effects. We concluded that the poor contrast sensitivity we observed was not due to rod chapter 4 in De Valois and De Valois 1990) . We first compare briefly the receptive field properties of owl monkey saturation.
J903-7 / 9k2b$$au41 07-28-98 16:36:25 neupa LP-Neurophys V1 neurons with those of the diurnal Old World macaque but elected to make extensive quantitative measurements of receptive field properties of each recorded neuron instead of monkey, as this is the species from which most of the data on blob anatomy and physiology is based, and with those making qualitative estimates from a larger number of cells.
Had there been consistent differences in properties of neuof the nocturnal prosimian bush baby, an animal that shares a similar ecological niche (DeBruyn et al. 1993) .
rons in different V1 compartments, we certainly would have observed them. This suggests that variations in receptive The eye dominance distribution for the owl monkey was more binocular that of macaque (Hubel and Wiesel 1968) field properties across different compartments are either absent or too subtle to be revealed by a sample of this size. and the nocturnal prosimian bush baby but similar to that of squirrel monkey (Livingstone and Hubel 1984) . The small Of course, it is possible that neurons in different compartments differ in ways that we did not measure. For example, proportion of monocular cells in our sample is consistent with the weak expression of eye dominance columns in the we made no effort to assess the chromatic properties of owl monkey cells because all evidence suggests that owl geniculocortical projections of the owl monkey (Diamond et al. 1985; Kaas et al. 1976; Rowe et al. 1978) . We note monkeys have very poor color vision (Jacobs 1977; Jacobs et al. 1993; Kemp and Jacobson 1991;  Wikler and Rakic also that the squirrel monkey has indistinct ocular dominance columns that are not in register with the CO blobs (Horton 1990) .
V1 in the owl monkey does not appear to exhibit the kind and Hocking 1996). Owl monkey V1 neurons were more sharply tuned for orientation than macaque V1 neurons but of segregation of receptive field properties across compartments reported for macaque V1. Livingstone and Hubel more broadly tuned than bush baby cortical neurons. We found fewer nonoriented cells than in macaque (De Valois (1984, p. 309) suggested that cells in macaque blobs formed a color system ''parallel to and separate from the orientationet al. 1982a) but more than in bush baby. About one-third of the cells in the current sample were direction selective specific system.'' It also has been suggested that cells in blobs are monocular (Livingstone and Hubel 1984) , colorwithin the range reported for macaque (De Valois 1982b; Schiller et al. 1976 ) but greater than that reported for bush opponent (Livingstone and Hubel 1984; Ts'o and Gilbert 1988) , prefer low spatial frequencies (Born and Tootell baby (DeBruyn et al. 1993) . The proportion of directionselective cells was surprisingly high (given our upper-layer 1991; Edwards et al. 1995; Silverman et al. 1989) , and have high contrast sensitivity (Hubel and Livingstone 1990 ; sampling bias) compared with the macaque (Hawken et al. 1988 ) but was consistent with the report of direction-selec- Tootell et al. 1988b ). Some of these distinctions appeared to be less sharp than first claimed; Lennie et al. (1990) tive cells in all layers of V1 of the marmoset, another New World primate (Sengpiel et al. 1996) . The optimal spatial examined chromatic properties in macaque V1 neurons; they found no evidence for segregation of chromatic properties frequencies of owl monkey V1 cells were some five times lower and bandwidths were somewhat wider than those re-within the cytochrome oxidase blobs. Leventhal et al. (1995) examined properties of neurons in the upper layers of maported in macaque (De Valois et al. 1982a ). Optimal spatial frequency was similar, and bandwidth narrower, in owl mon-caque V1 and found a broad range of orientation, chromatic, and direction selectivity in layers 2/3 that was unrelated to key than in bush baby V1 cells. Like the macaque, but unlike the bush baby, owl monkey simple and complex cells had the pattern of cytochrome oxidase staining. Furthermore, they found no overall relationship between chromatic sensisimilar spatial bandwidths. Owl monkey V1 cells responded over a lower range of temporal frequencies than macaque tivity and orientation selectivity. They did find that cells with high chromatic sensitivity had lower optimal spatial V1 cells, though the drop in optimal temporal frequency between the LGN and V1 in owl monkey was similar to that frequencies than those with low chromatic sensitivity and exhibited poorer orientation selectivity when tested with bars in macaque (Hawken et al. 1996) . The temporal tuning of owl monkey V1 cells was more band-pass than those in bush (but not when tested with gratings), suggesting that earlier studies with bar stimuli may have underestimated the orienbaby. The contrast sensitivity of owl monkey V1 cells was much poorer than that of macaque V1 cells (Albrecht and tation selectivity of color-sensitive cells (Leventhal et al. 1995) . Hamilton 1982; Sclar et al. 1990 ) and also substantially poorer than those of the bush baby (which were reported to The monocularity of macaque blob cells is consistent with the observation that, in this species, blobs are aligned with be similar to macaque). eye dominance columns (Horton 1984) . However, it is not clear that blobs and eye dominance columns are aligned in Functional organization of owl monkey V1 all primates; Horton and Hocking (1996) showed that the New World squirrel monkey has ''indistinct'' eye domi-SIMILARITY IN RECEPTIVE FIELD PROPERTIES ACROSS COM-PARTMENTS. Our most striking finding was negative: there nance columns but that there was no consistent relationship between the centers of eye dominance columns and CO was no important variation in receptive field properties across CO compartments. We found no differences in cell blobs. We found no relationship between neuronal eye dominance and CO blobs in the owl monkey. The owl monkey type, eye dominance, spatial tuning, temporal tuning, or contrast response in different compartments; blob compartments also has an indistinct pattern of eye dominance columns (Diamond et al. 1985; Kaas et al. 1976; Rowe et al. 1978) , had fewer direction-selective neurons than the other compartments. It is of course possible that receptive field proper-and it seems likely that there is no relationship between the CO blobs and eye dominance columns in this species. ties within compartments might vary with cortical depth, but our sample of cells was too small to examine this possibility.
There appears to be some segregation of spatial frequency tuning in macaque visual cortex. Several studies have found Our conclusions are based on data from 71 neurons. We might have preferred larger samples from each compartment that cells within blobs preferred lower spatial frequencies J903-7 / 9k2b$$au41 07-28-98 16:36:25 neupa LP-Neurophys than cells in interblob regions (Born and Tootell 1991; Ed-neither M or P input but depend instead on the direct inputs from the interlaminar or koniocellular (K) thalamocortical wards et al. 1995; Silverman et al. 1989; Tootell et al. 1988c ). In our own data, there was a weak tendency for pathway . Unfortunately little is known at present about the receptive field properties of K neurons cells in blobs to have lower optimal spatial frequencies and resolutions than edge and interblob cells, but this was far in monkeys. In the prosimian bush baby, K and interlaminar cells formed a separate functional class with long response from approaching statistical significance. In macaque, Leventhal et al. (1995) found no significant differences in spatial latency, low firing rate, and heterogeneous receptive field organization. The relatively small proportion of K cells that tuning for blob and interblob cells, and DeBruyn et al. (1993) found in bush baby that cells in blobs had higher had standard center-surround organization had spatial and contrast sensitivity properties that fell between those of M optimal spatial frequencies than interblob cells.
The pattern of geniculocortical and intracortical connec-and P cells (Irvin et al. 1986 (Irvin et al. , 1993 Norton and Casagrande 1982; Norton et al. 1988) . If this pathway does provide a tions in primates (reviewed in Casagrande 1994; Casagrande and Kaas 1994; ) suggests that blob and major input to CO blobs, the differences observed between macaque and owl monkey CO blobs might reflect differences interblob regions may receive different patterns of M and P inputs. One might expect neurons in regions that receive in the K pathway between these species. magnocellular input to have better contrast sensitivity than Differences in receptive field properties across layers neurons that receive parvocellular input. Blobs in primate visual cortex do receive direct projections from the LGN, Although we found no clear differences in the properties but from the intercalated/koniocellular layers (depending on of neurons in different CO compartments, we did find sigthe species) (see Casagrande 1994). The M and P inputs to nificant differences in receptive field properties across layers. blobs are indirect; in owl monkeys, blobs appear to receive Neurons in the supragranular layers had higher optimal spamixed inputs from M and P recipient layers, whereas in-tial frequencies, lower temporal resolution, and were less terblob regions appear to receive relatively greater input responsive and had lower contrast sensitivity than cells in from M recipient layers (Casagrande and Kaas 1994; Casa-the granular and infragranular layers. Our sample of layer 4 grande et al. 1992). We saw no sign of this in the contrast-cells was heavily biased-92% of our 52 layer 4 cells were response of V1 neurons-there were no significant differ-located in the upper, magnocellular-recipient sublayer. Thus ences in contrast sensitivity in different CO compartments. it should be no surprise that the spatial, temporal, and conHowever, we saw clear signs of magnocellular input in the trast-response properties of our layer 4 cells were more simicontrast-response properties of layer 4 neurons (most of lar to M LGN cells than were those of upper layer cells. which were in the upper, M-recipient layer), which had, on One property that does appear to be differently distributed average, significantly higher contrast sensitivity than those in owl monkey and macaque V1 is direction selectivity. In in the upper or lower layers.
macaque, direction-selective neurons appear to be limited to In macaque monkeys, the (indirect) M and P inputs to the upper parts of layer 4 and layer 6 (Hawken et al. 1988 ; layers 2/3 are different from those in the owl monkey, with Hubel and Livingstone 1990 ). In the owl monkey, we found blobs receiving relatively heavier M pathway input than in-direction-selective neurons in all cortical layers, including terblob regions (Callaway and Wiser 1996; Lachica et al. the upper parts of layers 2/3 and layer 5, as did Sengpiel et 1992 Sengpiel et , 1993 . Hubel and Livingstone al. (1996) in marmoset V1. The laminar organization of (1990) examined contrast sensitivity of macaque LGN and receptive field properties appears to be different in owl mon-V1 cells but found no clear differences in contrast sensitivity key and bush baby. In bush baby, supragranular layers have between neurons located in blob and interblob regions. They higher contrast sensitivity, higher optimal temporal frequenreported that most layer 2/3 neurons had better contrast cies, and lower optimal spatial frequencies than the infrasensitivity than the parvocellular inputs to V1. Edwards et granular layers (DeBruyn et al. 1993) . We found the oppoal. (1995) found that only neurons near the centers of blobs site pattern in the owl monkey, though our small sample of in macaque V1 had contrast sensitivity approaching that of infragranular cells compels a cautious interpretation of this magnocellular inputs with the rest of layer 2/3 neurons ex-result. hibiting contrast sensitivity similar to that of parvocellular We thank P. Hyde for help with many of these experiments and Dr.
inputs, a pattern thought to be consistent with the relative Suzanne Fenstemaker for making the montage in Fig. 4. density of the M and P projections. In bush baby, cells in This work was supported by National Eye Institute Grants F32 EY-06371 blobs had lower contrast sensitivity than cells in interblob to L. P. O'Keefe, EY-02017 to J. A. Movshon, and EY-01472 to R. M. regions, consistent with relatively heavier magnocellular in-Shapley and by the Howard Hughes Medical Institute. put to interblobs (DeBruyn et al. 1993) . We found no sig-
